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ABSTRACT 

Earthquake-induced landslide is one of the significant secondary hazards of an 

earthquake. Even in a country like Japan, one of the advanced countries in 

earthquake disaster prevention, earthquake-induced landslides could still cause 

catastrophic disasters. For example, the 2016 Kumamoto earthquake (M7.3) and 

the 2018 Hokkaido Eastern Iburi earthquake (M6.5) induced landslides resulting in 

15 victims and 39 victims separately, even though no victim resulted from building 

collapse due to the advance of quake-resistance technology of buildings. Thus, it is 

necessary and important to develop a more accurate prediction method on landslide-

prone slopes based on the active fault information and potential earthquake 

magnitude. However, the mechanism of the earthquake-induced landslide has not 

been completely clarified up to now. 

Slope stability is related to both the slope's inherent factors such as geological 

and physical properties and the external triggering forces from seismic waves. Up 

to now, the peak ground acceleration (PGA) of the seismic wave has been 

considered as one of earthquake triggering factors since it represents the maximum 

force of a seismic wave. Thus, PGA is proportional to slope instability in some 

slope stability analysis methods such as the Pseudo-static analysis and landslide 

hazard mapping. However, it is difficult to explain the following two phenomena 

occurred during some earthquakes: (1) large-scale landslides occurred in the area 

with small PGA while no landslide in the area with large PGA; (2) one side slopes 

collapsed while the opposite side slopes back to back remain stable even though 

PGA is the same for the two back to back slopes. In fact, it is believed that slope 

stability should also be affected by the energy of the seismic wave. It is found that 

PGA is not always proportional to seismic energy which is related to not only the 

magnitude but also the frequency of a seismic wave. Therefore, how to clarify the 

mechanism of earthquake-induced landslides from the view of seismic energy is 

very important in order to explain the above two phenomena. 
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Wilson, 1995; Jibson et al., 2000; Liao, 2000; Khazai and Sitar, 2004; Wang et al., 

2010; Yuan et al., 2013). Liao (2000) believed that earthquake-induced landslides 

are mainly located in regions with a PGA > 2.5 m/s2 based on his study on the Jiji 

(Chi-Chi) earthquake (M7.6). Wang et al. (2010) reported that the threshold of the 

PGA is about 0.7 m/s2 by studying the relationships between ground motion 

parameters and earthquake-induced landslides in the Wenchuan earthquake. while 

according to the distribution of landslides induced by the 2008 Mw 7.9 Wenchuan 

earthquake, Yuan et al. (2013) obtained the Thresholds of critical PGA for landslide 

failure are 0.21g for average horizontal PGA. Studies showed that the critical PGA 

values triggering landslides change from earthquake to earthquake. It is common 

that the instantaneously peak amplitude of seismic wave (e.g., PGA) is applied in 

seismic slope stability analysis, but some researches also propose that the whole 

energy of seismic wave should be considered (Mollaioli and Bosi, 2012; Zhai et al., 

2013, 2018; Chang et al., 2016; Kardoutsou et al., 2017). There is no doubt that the 

slope may collapses if both PGA and energy of seismic wave are large and remains 

stable if PGA and energy are small. While in some special cases, slope collapses 

when the PGA is small but the energy is large and remains stable when the PGA is 

large but the energy is small. In those cases, it is difficult to study the initiation of 

co-seismic landslide exclusively with the critical value of PGA. As as introduced 

previously in section 1.1.1, some phenomena on landslide initiation in recent 

earthquake events cannot be clearly clarified by PGA and a more accurate method 

is necessary for seismic slope stability analysis. 
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landslide analysis, several extensions of Newmark's method have been proposed 

since the original Newmark rigid-block sliding method. Some research proposed 

that the landslide masses are not rigid bodies but deform internally when subjected 

to seismic shaking (Seed and Martin, 1966; Lin and Whitman, 1983). Makdisi and 

Seed (1978) provided design charts that estimate sliding displacement with a 

function of critical acceleration, ground motion, and earthquake magnitude. Jibson 

(2003) allows specifying strain-dependent critical acceleration as well as bi-lateral 

displacement, and dynamic strength testing can be performed to determine dynamic 

shear strengths. Bray and Travasarou (2007) developed a simplified approach that 

used a coupled sliding-block model to produce a semiempirical relationship for 

predicting displacement. Up to now, permanent-displacement analysis has been 

applied in a variety of ways to seismic slope stability problems. But in the current 

status of the permanent-displacement analysis, the determination of the critical 

displacement leading to the failure of landslide is a difficult problem. Any level of 

critical displacement can be used according to the characteristics of the landslide 

material.  

1.2.3. NUMERICAL STRESS-DEFORMATION ANALYSIS  

Stress-deformation analysis, also known as numerical simulation method, has 

been well developed since the early twentieth century. In 1960, Ray Clough first 

developed the finite-element method of engineering analysis at the University of 

California, Berkeley (Clough, 1960). This method uses a mesh to model a 

deformable system, providing a valuable tool for modeling the static and dynamic 

deformation of soil systems. It soon began to be applied to slope stability analysis 

and be of great interest in this research. Subsequently, more and more numerical 

methods have been developed for stress-deformation analysis, including the finite-

difference method (FDM) (Mitchell and Griffiths, 1980), boundary element method 

(BEM) (Brebbia and Wrobel, 1980), discrete element method (DEM) (Cundall, 

1971) and discontinuous deformation analysis (DDA) (Shi, 1989). Stress-

deformation analysis can provide the most realistic simulation of slope behavior 

under an earthquake. A lot of research on the earthquake-induced landslide events 
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ground motions including peak ground velocity (PGV), spectral acceleration, and 

Arias intensity. PLGM is of special concern in engineering. It has been reported 

that the large PLGM wave is strongly related to structural damage because the 

energy in the PLGM wave is much larger than non-PLGM. However, PLGM has 

been studied extensively in the architecture field while it remains unclear in co-

seismic slope stability analysis. The failure mechanism of earthquake-induced 

landslides focusing on PLGM remains unclear. How to simulate dynamic behaviors 

of earthquake-induced landslides deserves further investigation. 

1.3.2. OBJECTIVES OF THE THESIS 

The main objective of this study is to investigate the mechanism of earthquake-

induced landslides focusing on the PLGM by use of the 2D DDA method. DDA is 

a powerful numerical method and shows a great advantage in simulating the 

dynamic behaviors of a rock mass system involving discontinuities. To analyze 

earthquake-induced landslides focusing on PLGM, some improvements and 

extensions should be conducted at first for the 2D DDA method to achieve better 

calculation performance. Then, the mechanism of earthquake-induced landslides 

focusing on PLGM will be studied by using the improved DDA. In detail, this study 

can be concluded as those following steps: 

(1) Improvement of vertex-to-vertex contact processing and the unified tensile 

fracture criterion in 2D DDA for enhancing the calculation performance of 

block systems in seismic response analysis; 

(2) A method to evaluate slope failure subjected to PLGM by considering the 

energy of seismic waves;  

(3) Studies on the failure mechanism of earthquake-induced landslides 

focusing on the using DDA method. 

1.4. FRAMEWORK OF THE THESIS 

The thesis consists of the following chapters. 

Chapter 1 introduces the background, scope and objectives of the research. 

Previous studies on the mechanism of landslides, analytic methods of earthquake-
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CHAPTER  2 

2. STATE-OF-THE-ART OF 2D DDA AND LANDSLIDE SIMULATION 

2.1. INTRODUCTION 

Discontinuous deformation analysis (DDA), originally proposed by Dr. Shi 

(Shi, G. H. et al., 1989), is a useful tool for discontinuous media numerical 

simulation in geotechnical engineering and has garnered great research interest. 

Especially, the two-dimensional (2D) DDA method has developed significantly 

since its proposal (Hatzor, Y. H. et al., 2001; Yeung, M. R. et al., 2003; Tsesarsky, 

M. et al., 2005; Maclaughlin, M. M. et al., 2006; Wu, J. H., 2004, 2010, 2015; Yu, 

P. et al., 2019, 2020; Peng, X. et al., 2019a, 2019b, 2020), presenting a great 

advantage in simulating large displacement and rigid body movements. Many 

previous researches proved that DDA can effectively analyze the movement and 

deformation of blocks with arbitrary geometries numerically.   

Over the past decades, many researchers also have focused on improving the 

calculation performance of DDA for applications in geotechnical engineering 

(Chen et al., 1997; Cheng et al., 2000; Fu et al., 2016). With those improvements, 

it has been applied to solve various engineering problems such as rockfall (Chen, 

2003, 2013, 2018; Ma et al., 2011; Wu et al., 2005), landslides (Sitar et al., 2005; 

Wu et al., 2007, 2009, 2010, 2011; Zhang et al., 2013, 2014, 2015; Chen et al., 

2021), tunnels (Yeung and Leong, 1997; Wu et al., 2004; Tsesarsky and Hatzor, 

2006; Do et al., 2020a, 2020b), seismic responses (Kamai and Hatzor, 2008; Zhang 

et al., 2014; Peng et al., 2018), and others (Song et al., 2017; Yu et al., 2019; Xia et 
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 The submatrices of Eq. (2.56) and Eq. (2.57) will be respectively added to 

iiK  and iF  in the global equations. The integrations in the above two equations 

can be addressed as follows:  
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where the values of S, Sx, Sy, Sxx, Syy, Sxy can be calculated by using the 2D simplex 

integration. 
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2.2.3. CONTACT MECHANISM AND CONTACT MATRICES 

2.2.3.1. CONTACT TYPES AND DETECTION 

In 2D DDA method, interaction forces between blocks are calculated based on 

contact mechanism. In general, the contact between polygonal blocks can be 

handled by contact detection and contact treatment. Contact detection in DDA 

includes two steps, namely rough contact search and precise contact detection. At 

first step, DDA will find all possible contacts in the current step, referred to as rough 

contact search. Several strategies are usually employed in DDA to conduct rough 

contact search, including no binary search (NBS), double-ended spatial sorting 

(DESS), multi-shell cover (MSC) and multi-cover searching (MCS). In the second 

step, the identified possible contact from the first step will be examined in detail to 

define the contact types and then determine the entrance mode for each contact. 

This is referred to as precise contact detection, which determines the exact contact 

positions and types between blocks. In the 2D DDA method, three types of contacts 

are defined for contact detection, including vertex-to-vertex (V-V), vertex-to-edge 

(V-E), and edge-to-edge (E-E), as shown in Figure 2.1. As an edge-to-edge contact 

can be treated as two vertex-to-edge contacts, only two contact types, vertex-to-

edge and vertex-to-vertex, are calculated in the DDA. The direct contact detection 

algorithm based on the distance criterion and angle method will be used for precise 

contact detection in this step.  
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recent disasters and shows great applicability and feasibility in landslide simulation 

that considers various factors. By using the DDA method, many researches on the 

practical problems of landslide initiation and evaluation have been successfully 

conducted.  

However, slope stability analysis under seismic conditions is still a big 

challenge. How to accurately consider the effect of seismic waves in slope stability 

analysis has not been well clarified, although many methods have been proposed 

for slope stability analysis under earthquake. One of the main difficulties is to 

determine the factor effectively representing earthquake intensity. The other is how 

to accurately consider the factor of the earthquake in the methods for slope stability 

analysis. DDA has a big advantage for analyzing slope stability analysis, and it has 

been widely applied to solving earthquake-induced landslides since it was proposed. 

In this study, to effectively analyze slope stability analysis under seismic condition, 

the contact processing and fracture models of original DDA is also improved and 

extended necessarily so as to be better applied for simulating the earthquake-

induced landslides.     

2.4. CONCLUSIONS 

In this chapter, a brief introduction has been presented for both 2D DDA 

formulation and the development and application of 2D DDA in landslide 

simulation. 

2D DDA, a discontinuous method, shows a great advantage in analyzing cases 

involving large deformation and ridge body movement of the discontinuous block 

system. At present, the calculation performance of 2D DDA has been significantly 

developed and improved, and it can be successfully applied to analyze actual 

landslides in various cases. However, there are still some problems unsolved for 

earthquake-induced landslide simulation in the pacificated cases, which will be 

illustrated in the following sections.  
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CHAPTER  3 

3. IMPROVEMENTS ON TWO-DIMENSIONAL DDA 1 

3.1. INTRODUCTION 

Contact processing is a well-known complex problem in the DDA algorithm, 

and many studies that focused on contact problems have been conducted for 2D and 

3D DDA since the DDA method has been proposed (Yeung et al., 2007; Keneti at 

al., 2008; Bao and Zhao, 2010, 2012; Ni et al., 2020a, 2020b; Zheng et al., 2020; 

Wang et al., 2019, 2020; Wu et al., 2014, 2020). In the original two-dimensional 

DDA, contact detection based on the parameters of distance and angle sometimes 

leads to an indeterminate state, as contact processing is unique and complex. In 

particular, for a block system that has a large number of strangely shaped blocks, 

the calculation result can be unreasonable. Since DDA is proposed by Dr. Shi (Shi, 

1989), many researchers have worked on the original two-dimensional DDA 

contact problem to solve potential contact indeterminacy. Bao and Zhao (2010) 

firstly enhanced the algorithm for choosing the initial contact edge of the vertex-to-

vertex contact by using a special contact spring. Then, they utilized the trajectory 

 

1 Chapter 3 is based on the following journal papers: 

Xia M, Chen G, Yu P, Peng X, & Zou J (2021) Improvement of DDA with a New Unified Tensile 

Fracture Model for Rock Fragmentation and its Application on Dynamic Seismic Landslides. 

Rock Mechanics and Rock Engineering, 54(3), 1055-1075. 

Xia M, Chen G, & Guo L (2021) Improvement of vertex-to-vertex contact processing in two-

dimensional DDA. Computers and Geotechnics, 135, doi: 10.1016/j.compgeo.2021.104200. 
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I-DDA can be more efficiently and accurately applied for both stable and dynamic 

numerical analysis. 

Meanwhile, compared with the Finite element method (FEM), the DDA 

method has a significant advantage in dealing with discontinuous problems more 

efficiently as a kind of powerful discrete element methods (Shi, 1988; Lin et al., 

1996; Sitar et al., 2005; Kamai et al., 2008; Do et al., 2017, 2020a, 2020b). However, 

the failure behavior of a discontinuous blocky system is mainly governed by the 

strength of the interface joints. The failure model of the interface joints in the 

original DDA plays an essential role in the simulation accuracy of the block system. 

Compared with FEM, the failure model used in DDA blocky system theory is 

simple. Two different criteria for contact laws on normal and shear direction are 

employed in the original two-dimensional DDA method. The maximum normal 

stress criterion in the normal direction and Mohr-Coulomb criterion in the shear 

direction, are used respectively for tensile failure and shear failure. The joint will 

yield once one of those two constitutive models that the stress states reach the 

critical state of failure. To improve the accuracy of DDA simulation, a great number 

of researchers focused on improvements of the DDA contact constitutive model 

(Yeung and Leong., 1997; Tsesarsky and Hatzor, 2006; Ma et al., 2011, 2017; Wu 

et al., 2005, 2007, 2009, 2010, 2011, 2017; Zhang et al., 2013, 2014, 2015). For 

example, Wang et al., (2013) developed the original DDA with displacement-

dependent interface shear strength, which proved that adopting relative 

displacement between contacted blocks as the criterion for the removal of cohesion 

will provide more accurate results for landslide failure simulations. Song et al., 

(2016) considered the friction degradation of the sliding surface during landslide 

movement and incorporated a velocity and displacement dependent friction law into 

discontinuous deformation analysis (DDA) for numerical modeling of high-speed 

and long run-out landslides. Ma (2017a) implements the Barton-Bandis rock joint 

model in 2D DDA and provides an alternative approach to compute the interfacial 

shear strength of rock joints in 2D DDA. With the modified DDA model, Ma 

(2017b) further proved that the modified DDA model is capable of describing the 

different shear behaviors of rock joints subjected to cyclic loading conditions. 
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The original DDA works well to solve the engineering problems for rock with 

real joints. However, the joint model with two criteria has limitations for simulating 

the tensile behavior of various brittle materials, like rock, soil, and concrete, 

because of the simple tensile fracture model. Additionally, the normal stress and 

shear stress are both considered according to the Mohr-Coulomb friction law during 

the shear failure process. In contrast, only tensile stress is considered in the tensile 

fracture model, which is also unreasonable in physics when simulating the tensile 

behavior of material for which the standard max normal stress criterion is improper 

to use, such as intact rock. This paper attempts to incorporate a new unified tensile 

failure model, which is more suitable for solving the shear failure and tensile 

fracture problems of various engineering materials in the DDA method. 

3.4. MODIFICATION OF VERTEX-TO-VERTEX CONTACT PROCESSING 

In the vertex-to-edge contact, there is usually no indeterminacy during the 

calculation process because the determination of the contact reference line is clear 

and specific. For vertex-to-vertex contact, the determination of the contact 

reference line is complex and will lead to failure calculation if the parameters 

related to the contact detection are not appropriately chosen. In general, the contacts 

for the vertex-to-vertex are generalized into four possible contact cases based on 

the angle method in the O-DDA program. As shown in Figure 3.4, when the two 

blocks contact vertex-to-vertex, four reference lines (OE1, OE2, OE3, OE4) and two 

angles (a and b) are proposed to determine the four possible contacts for contact 

processing in the O-DDA program.  
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 1 0i j i jPP PP  (3.19) 

(6) The vertex Pj is inside the block I.  

 1 0j i j iP P P P  (3.20) 

 1 0j i j iP P P P  (3.21) 

The two blocks are embedded into each other if the vertex has been detected 

to be inside the block, as expressed in cases (5) and (6). In this case, the original 

Shi method will be applied to select the reference line instead of the proposed 

method. However, an enhancement to the shortest path method was proposed for 

the case when the two penetration distances were equal. In this case, the two 

penetration lines were selected as the reference lines simultaneously. The new 

concept is mainly an enhancement of contact when there is no penetration between 

two blocks for the vertex-to-vertex contact. The new algorithm for detecting the 

reference line of the vertex-to-vertex contacts remedies the discovered lost case in 

the O-DDA. When the vertex P is inside one reference line, the reference line 

should be changed to the other edge, where P is determined to be outside. When the 

vertex is outside or inside both the possible edges, the original rules are valid. Figure 

3.12 shows a diagram of the new concept of detecting the reference line for vertex-

to-vertex contact in the I-DDA program. 
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changed step-by-step in the simulation and increases as the number of block 

collisions and the penetration distance increases. Therefore, the velocity of the top 

block becomes increasingly higher in the original DDA. In the I-DDA, the two 

edges are selected as the reference lines and two stiff springs are applied 

simultaneously for each invaded angle of the contact. The normal invaded angle 

will be pushed out along the path in the vertical direction with springs of smaller 

stiffness. 

 

Figure 3.20 Results of the I-DDA program 

3.4.3.4. VERTEX-TO-VERTEX CONTACT WITH THE CONCAVE ANGLE 

As shown in Figure 3.21, the block system consists of one block with a convex 

corner and one block with a concave corner. The top block falls under gravity and 

comes into contact with the bottom block at the appropriate point of the concave 

corner. The model was calculated using both the original and I-DDA programs. The 

material properties and control parameters in this simulation are the same as those 

in the previous model shown in Figure 3.18. 
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region are represented by artificial joints. The artificial joints provide paths for 

crack generation and propagation.  

The method for generating the triangular blocks in this context is based on 

DISTMESH (Persson, 2004), a code for the generation and manipulation of 

unstructured triangular meshes. A variety of geometric shapes and desired mesh 

densities can be defined for the DDA blocks. By using this advancing mesh method, 

the DDA blocks can be easily subdivided into small triangular blocks with artificial 

joints. 

3.5.3. CRACK INITIATION AND PROPAGATION 

All the artificial joints are assigned with the same strength of the intact material 

to represent the continuous state across the joints. The crack generation is controlled 

by the failure of the artificial joint in DDA block system. Generally, the crack 

initiation procedure for numerical methods can be concluded as two cases (Bao and 

Zhao, 2013). One case in a continuum media is that cracks are not independent of 

each other. Once a crack occurs somewhere, it will cause the stress to redistribute 

in the area around it and will affect the behavior of the crack propagation in the 

nearby field. The other case is that many cracks can appear in a time step. Cracks 

will initiate when the joint contacts separate along the block according to the failure 

criteria. 

In I-DDA method, the model for crack generation belongs to the second case, 

which is a multiple crack model. Once the stress states at these artificial joints reach 

the critical stress state of the unified tensile criterion or the Mohr-Coulomb shear 

failure criterion, the contacted joints will separate along block boundaries, thereby 

generating new cracks. At each time step, multiple cracks or no crack may be 

generated depending on the stress state. 

3.5.4. NUMERICAL EXAMPLES 

3.5.4.1. BLOCK SHEAR AND TENSILE TEST 
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The failure process of Brazil disc with a large eccentric hole is simulated using 

the I-DDA method in this section. The same experiments have been conducted by 

many researchers (Van de steen et al. 2005; Jiao 2012) to investigate the effect of 

the eccentricity and the hole radius on the location of the failure, which proved that 

the disc has different fracture pattern with different eccentricity and diameter of the 

eccentric hole. To further verify the applicability of the I-DDA method, similar 

simulations are performed. As shown in Figure 3.29(b), the Brazil disc has a 

diameter of 150 mm. The diameter of the eccentric hole is 42 mm, with an 

eccentricity of 21 mm. The Brazil disc is randomly divided into 2789 triangular 

blocks. The material properties and strength parameters take the same values as 

those in the previous simulation. 
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eccentric hole. As the displacement increases, the stress increases gradually from 0 

MPa to a peak value of 1.50 MPa. Once the penetrative cracks are formed from the 

top and bottom sides of the eccentric hole to the loading points of the top and the 

bottom disc, respectively, the stress begins to decrease. If the loading is 

continuously increased, the split blocks will break into some smaller parts. During 

this evolution process, the stress will fluctuate in small stress range and small stress 

increases may be observed near the end of the test because of the occurrence of the 

secondary cracks. However, the stress fluctuation at the end of the test will not 

influence the determination of peak stress as the increase is very small. With the 

peak stress determined, the peak loading force is obtained as P = 300 kN. Based on 

the suggested formula for calculating the splitting tensile strength, the simulated 

tensile strength of this disc model is 1.27 MPa.  

In addition, the Brazil disc with a small eccentric hole is also reproduced by 

the I-DDA method. As shown in Figure 3.29 (c), the Brazil disc has a diameter of 

150 mm; the diameter of the eccentric hole is 21 mm, with an eccentricity of 21 

mm. The material properties and strength parameters take the same values as those 

in the previous simulation. 
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For the three Brazil disc split tests, it can be observed that the detailed 

processes of rock fracture, such as crack initiation, propagation and coalescence, 

can be simulated effectively through the I-DDA method. Meanwhile, the simulated 

indirect tensile strength of the material can also be obtained. The I-DDA also shows 

a significant advantage in simulating the rock fracture problems of various materials 

as the unified tensile fracture criterion is incorporated. It is an alternative 

quantitative analysis approach for rock fragmentation problems. 

3.5.4.3. RESULT COMPARISON WITH O-DDA  

Compared with the standard maximum tensile criterion in the original DDA 

(O-DDA), the unified fracture criterion in I-DDA is used to describe the tensile 

failure behavior. For demonstrating the efficiency and accuracy of the I-DDA, a 

comparative analysis on simulation of Brazil disc split tests with I-DDA and O-

DDA is also presented. In the view of most studies, the splitting fracture of rocks 

in the Brazil disc test is caused by the maximum tensile stress along the diametral 

loading line, thus the maximum tensile criterion is regarded as one of the 

appropriate criteria for describing the crack propagation in a Brazil disc (Li and 

Wong, 2013). In O-DDA, the reasonable results can be produced if the parameters 

are appropriate. In comparison, the unified fracture criterion unifies the four 

classical criteria, including the maximum tensile criterion. In this case, the ratio of 

tensile strength and shear strength is 1.6, indicating that the new unified fracture 

criterion approximately agrees with the maximum normal stress criterion according 

to Table 3.1. In theory, the unified fracture criterion in I-DDA is also available to 

describe the crack propagation of the Brazilian disc in this case. The material 

parameters and control parameters for O-DDA are the same with those in I-DDA. 
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increases. While in O-DDA, the landslide is triggered at a different instant or 

remains stable with different tensile strengths. Compared with O-DDA, the I-DDA 

with the unified tensile criterion is more reasonable in theory for tensile failure 

analysis and the simulated results also indicate that the I-DDA is more available to 

simulate the tensile behavior in slope stability analysis.  

As shown in Figure 3.47 (a), the tensile strength of the slope is 2.6 kPa, which 

is very small compared with the shear strength. The material is assumed to be tensile 

controlled, and the unified tensile criterion in I-DDA is consistent with the 

maximum normal stress criterion. The simulated results show that a tensile crack 

normal to the sliding surface is generated in the sliding mass at first under 

earthquake, and the slope then starts to collapse and evolves into a landslide. When 

the tensile strength of the slope is 2.6 MPa, the unified tensile criterion in I-DDA 

agrees with the maximum normal stress criterion. It can be seen from Figure 3.47 

(c) that the rock mass starts to slide as the earthquake starts, and two tensile cracks 

are observed. The landslide initiation failure behaves as the main shear failure, 

while the tensile failure is also observed simultaneously. When the tensile strength 

is 3.7 MPa as shown in Figure 3.47 (e), the unified tensile criterion in I-DDA is 

consistent with the Mohr-Coulomb criterion. The slope starts to collapse with 

similar behavior, shear failure controlled with tensile cracks observed, but the 

initiation time is 20 seconds later. The slope has better stability with the increase of 

tensile strength. When the tensile strength is 8.7 MPa as shown in Figure 3.47 (g), 

the slope remains stable under the earthquake ground motion. It can be seen from 

Figure 3.47 that the tensile strength has a significant influence on the slope stability 

analysis. With different tensile strength, the failure process also has different 

behavior.  
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tension, the landslide initiation, and failure models are also different. For the current 

study, the I-DDA method can be applied to dynamic slope post-failure analysis 

considering the different tensile behaviors. However, it is still difficult for the 

quantitative slope stability analysis considering the tensile and shear characteristics 

simultaneously as more verifications with the tensile failure considered in the real 

landslide are needed. More slope stability analysis focusing on tensile failure will 

be studied in future work. 

3.7. CONCLUSIONS 

In this study, the limitations of the original two-dimensional DDA in detecting 

the candidate reference for the vertex-to-vertex contact problem were first 

described. A lost contact case, which will lead to indeterminacy in candidate 

reference line determination, has been presented. To overcome this defect, a new 

improved concept based on the contact vector method that is inside or outside the 

reference line has been proposed and implemented in the 2D-DDA program to 

improve the accuracy and effectiveness of vertex-to-vertex contact. The new 

improved concept is a stricter algorithm that can detect the right candidate reference 

line for vertex-to-vertex contacts in the discovered lost case. The accuracy and 

effectiveness of the contact in I-DDA have also been verified using various contact 

examples, including the lost case contact, sliding block contact, blocks contact with 

convex, and blocks contact with concave. The simulated results have proved that 

the I-DDA with the new contact algorithm has better performance and accuracy in 

solving block contact problems in various cases. The improved method can not only 

be valid for finding the possible reference lines for the vertex-to-vertex contact but 

also remedy the defect of the lost case, in which the theory of contacts in O-DDA 

fails. The computational efficiency of the DDA method has been significantly 

improved, and the I-DDA program can be better applied to block systems with 

arbitrary vertex-to-vertex contact states.  

Then, a unified tensile fracture model has been proposed for the two-

dimensional DDA method to simulate the tensile behaviors of various materials. 

The new model unifies four failure modes, i.e., maximum normal stress criterion, 
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strength, more experimental and case studies on slope failure should be conducted 

in future work. 
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With the development of computer techniques and simulation approaches in recent 

decades, numerical stress-strain methods including finite-difference, distinct-

element, and discrete-element modeling, are developed. It is becoming increasingly 

popular for real earthquake-induced landslide analysis because of its advantage in 

stress-deformation analysis. DDA is a discontinuous method, which has a great 

advantage in modeling the deformation and motivation of the fractured and jointed 

rock masses. Since it is proposed by Shi (1988), the DDA method has been applied 

extensively for the modeling of the earthquake-induced landslides failure process. 

The global equilibrium equations of DDA are assembled by minimizing the total 

potential energy of a discrete system. The mutual interaction between adjacent 

blocks is represented by contact penalty springs, the non-penetration and non-

tension requirements are guaranteed through the open-close iteration process. As 

DDA has undergone extensive improvements and extensions, it becomes more and 

more applicable and efficient to dynamic co-seismic landslide analysis (Wu et al., 

2004, 2010, 2011, 2017; Chen et al., 2018; Wang et al., 2019; Liu et al., 2019). 

However, in the DDA method, the seismic shear failure of joint contacts is 

determined by a critical value of the static shear strength. Lots of researches on rock 

mechanics indicate that the materials always show a dynamic property when 

subjected to dynamic loading (Li et al., 2005; Tetsuji and Tomohiro, 2019; Huang 

et al., 2011; Li X. F., et al., 2018a, 2018b). The use of the static shear strength for 

seismic conditions is probably conservative because under short-term loading 

conditions less creep and relative displacement of the rock and mass will occur in 

the refuse, resulting in larger short-term stiffness and resistance to loading 

(Anderson and Kavazanjian, 1995; Zekkos et al., 2007). Latha GM and Garaga A 

(2010) pointed out that the peak amplitude of a seismic event has no significance 

on the deformation of slopes during earthquakes from their study on the effect of 

an acceleration-time response. It is the total that includes amplitude, frequency, and 

duration of the event that needs to be considered in the analysis. More and more 

research on the landslide initiation found that the earthquake ground motions with 

small PGA can also trigger landslide and PGA is not correlated to co-seismic slope 

displacement (Garini and Gazetas 2013; Song et al. 2016; Chen et al., 2021). The 
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defect that the dynamic properties of rock mass under earthquake will affect the 

accuracy of slope stability analyses. The dynamic strength should be considered in 

the analysis of earthquake-induced landslides. 

In recent earthquake-induced landslides in the near-fault region, pulse-like 

ground motion (PLGM) is regarded as one of the main factors triggering landslides 

(Gazetas et al. 2009; Garini et al. 2011; Davoodi et al. 2013; Song et al. 2015, 2016; 

Rodriguez-Marek and Song 2016). It sometimes can cause large-scale landslides 

even though the peak ground acceleration (PGA) of PLGM is very small. For 

example, a strong earthquake (M7.3) occurred in Kumamoto prefecture, Japan in 

2016, called the Kumamoto earthquake. While the large-scale landslides occurred 

in the area with smaller PGA and no landslide occurred in the area with larger PGA. 

The use of the static shear strength in DDA cannot be applied to accurately analyze 

earthquake-induced landslides with PLGM in the near-fault region. It is obvious 

that the joint contacts are more likely to fail under the earthquake triggering force 

with larger PGA if the static shear strength is used in DDA. Although many PGA-

based analytical methods have been developed, how to consider seismic energy in 

slope stability analysis using DDA is a big challenge. A method for evaluating the 

dynamic failure of slopes considering the seismic energy, especially the large 

seismic energy in PLGM, is important and necessary to access the earthquake-

induced landslide problems.    

In this study, to simulate the landslide evaluation process under the dynamic 

seismic wave considering the energy of seismic waves, especially PLGM in the 

near-fault region, a method that considers the dynamic strength of slope material 

has been proposed to analyze earthquake-induced landslide in DDA simulation. 

This method evaluates the dynamic strength of joint contacts in the DDA method 

by considering the effect of fatigue and accumulated damage under seismic 

repeated loadings. Then, Single-Degree-Of-Freedom (SDOF) systems under cyclic 

loading, PLGM, and Non-PLGM are simulated by proposed DDA to validate the 

dynamic failure of joint contact. A practical landslide triggered by PLGM in the 

Kumamoto earthquake is also analyzed to verify the availability and accuracy of 

the proposed model for dynamic failure simulation. 
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The determination of parameter Nc can be obtained from the experiment study on 

material dynamic strength, determined by 

 (4.12) 

As the tensile fatigue test shows a similar fatigue function with the shear 

fatigue test (Mitsuru Saito, 1984). The function of the residual shear strength ratio 

is also applied for tensile fatigue failure in DDA simulation, while the parameters 

a, Nf, Rres should be obtained based on the experiment data of the dynamic fatigue 

test. 
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Figure 4.4 Calculation example of the residual shear strength ratio with the 

number of effective impact N 

Figure 4.4 shows a calculation example of the relationship between the 

residual shear strength ratio and the accumulated number of effective impact N for 

the case when a = 0.15 in Eq. (4.11). The residual shear strength ratio decreases 

with the increase of the accumulated number of effective impact N when subjected 

to the dynamic loadings. In this case, when a = 0.15, as the accumulated number of 

effective impact N reaches 100 times, the residual shear strength ratio decreases to 

0.7, which means the value of the residual shear strength ratio Rres at the assumed 

dynamic shear failure state and that failure occurs. The parameters a, Nf and Rres 
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blocks occurs when the shear force is larger than the peak shear strength, suggesting 

that the peak value of PGA of a seismic wave dominates the failure behavior of 

structures in seismic response analysis. As shown in Figure 4.6 (a), the top block of 

the SDOF model separates from the bottom block when subjected to Non-PLGM 

while it can remain stable under PLGM because the Non-PLGM has a larger PGA. 

While in the I-DDA with dynamic failure model, the two blocks separate only when 

it is subjected to PLGM while it stays stable under Non-PLGM, as shown in Figure 

4.6 (b). With the dynamic failure model incorporated, the proposed DDA method 

can not only consider the peak amplitude of a seismic wave but also take the 

frequency and duration of a seismic wave into account. The simulated results show 

that the effect of fatigue of dynamic seismic waves has been effectively considered 

in the proposed DDA method, which can be better applied to evaluate the dynamic 

failure in seismic response analysis. 

 

(a) Results of the O-DDA 
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Case (B): Non-PLGM with a large PGA but small energy as shown in Figure 

4.10. 
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Figure 4.9 PLGM with small PGA for case A  
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Figure 4.10 Non-PLGM with large PGA for case B  
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While in Figure 4.13, an inversed simulation result can be obtained by using 

the proposed DDA method. The slope gets failure under the PLGM with large 

energy but small PGA in case A but it keeps stable under the Non-PLGM with small 

energy but large PGA in case B. Particularly, in the simulation sequences of slope 

failure process under the PLGM in case A, the slope is stable before the seismic 

velocity pulse and starts to slide after the main velocity pulse. The slope instability 

is proportional to the energy of seismic waves in this simulation by using the 

proposed method. Therefore, the proposed method is proved to an effective method 

for slope stability analysis under earthquakes by considering the energy of seismic 

waves in DDA simulation and the energy of seismic waves is a key triggering factor 

in slope stability analysis under earthquakes.      

In this study, how to take parameters for the dynamic failure model is 

important for quantitatively evaluating the initiation of earthquake-induced 

landslide by using the proposed DDA method. Those dynamic failure parameters 

should be obtained from the experiment. Here, we focus on the effectiveness of the 

proposed method considering the dynamic strength failure, how to take the 

parameters for the model is not well considered. More studies for quantitatively 

evaluating the initiation of earthquake-induced landslides by using the proposed 

DDA method will be conducted based on experiments and landslide events in our 

future work. 

4.5. CONCLUSIONS 

In this study, a method to evaluate the dynamic failure of the slope has been 

proposed for earthquake-induced landslide analysis by considering the seismic 

energy in DDA simulation. This method can be applied to effectively evaluate the 

dynamic strength of joint contacts in the DDA method by considering the effect of 

fatigue and accumulated damage under seismic dynamic loading. The Single-

Degree-Of-Freedom (SDOF) systems under cyclic loading, PLGM, and Non-

PLGM have been simulated by using the proposed DDA method and original DDA 

to validate the accuracy of the proposed model in describing the dynamic failure of 

contact joints. Meanwhile, a practical landslide model has been simulated under 
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two cases of seismic waves: case (A) PLGM with large energy but a small PGA; 

and case (B) Non-PLGM with a large PGA but small energy, using both the 

proposed DDA method and O-DDA. The results showed that the slope gets failure 

by using the proposed method while keeps stable by using the original DDA for 

Case A; but the results have been inversed for Case B, which are also in agreement 

with seismic response analysis of SDOF system. Thus, the accuracy and 

effectiveness of the proposed method are validated and the energy of seismic waves 

is a key triggering factor in slope stability analysis under earthquakes. Compared 

with O-DDA, the proposed DDA method is effective for simulating the earthquake-

induced landslides considering the seismic energy, which is more accurate for 

earthquake-induced landslides triggered by PLGM. 

This study still has space to improve. Here, the aiming of this study is that a 

method considering the seismic energy for slope stability analysis has been 

proposed based on the effect of dynamic fatigue failure. The effectiveness of the 

proposed method has been verified by numerical simulations, how to take the 

parameters for the model is not considered in this study. For quantitatively 

evaluating the initiation of earthquake-induced landslide, more experimental 

studies on the dynamic failure parameters a, Nf and Rres should be considered. 
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CHAPTER  5 

5. MECHANISM ANALYSIS OF EARTHQUAKE-INDUCED LANDSLIDES 

FOCUSING ON PULSE-LIKE GROUND MOTIONS 1 

5.1. INTRODUCTION 

In this section, the mechanism of earthquake-induced landslides focusing on 

pulse-like ground motions is investigated based on case studies of earthquake-

induced landslide events in the 2016 Kumamoto earthquake and the 2018 Hokkaido 

earthquake. As described in the previous chapter, many large-scale landslides have 

been triggered in those two earthquakes, which caused severe damages to 

infrastructure and lifelines. Lots of researches on earthquake-induced landslide 

events in those two earthquakes have been conducted to analyze landslide initiation 

and evaluation (Kazuo et al., 2019; Shinoda et., 2019; Wang et al., 2019; Zhang et 

al., 2019). However, two phenomena confusing landslide researchers remain 

unclear. One is that large-scale landslides occurred in the area with small PGA but 

no landslide in the area with large PGA, for example, the landslides occurred during 

the 2016 Kumamoto earthquake (Figure 1.2). The other is that one side slopes 

collapsed while the opposite side slopes back to back remain stable. For example, 

 

1 Chapter 5 is based on the following journal papers: 

Chen, G., Xia, M., Thuy, D. T., & Zhang, Y. (2021). A possible mechanism of earthquake-induced 

landslides focusing on pulse-like ground motions. Landslides, 1-17. 
https://doi.org/10.1007/s10346-020-01597-y 
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most west-faced slopes collapsed while the east-faced slopes back to back remain 

stable in the 2018 Hokkaido earthquake (Figure 1.5).  

It is believed that slope stability is not only related to the slope inherent factors 

such as slope shape, geological and physical properties and discontinuities but also 

affected by the earthquake triggering force. For slopes with similar geological and 

physical properties, earthquake intensity should be most important factor in 

estimating the potentially dangerous slopes under earthquakes. Over the past 

decades, may researchers have paid close attention to intensity parameters 

responsible for the damage potential of ground motions, which include the peak 

ground acceleration (PGA), the peak ground velocity (PGV), PGV/PGA, spectral 

acceleration (Sa), Arias intensity, effective peak acceleration (EPA) and effective 

peak velocity (EPV) and so on (Malhotra, 1999; Liao et al., 2001; Mavroeidis et al., 

2004; Akkar et al., 2005; Tothong and Cornell, 2008). PGA is commonly used as 

an intensity parameter to represent the damage potential of ground motions in 

methods of earthquake-induced landslide analysis, such as the pseudo-static method. 

According to some previous studies, it is clear that the larger the PGA is, the danger 

the slope becomes. However, the PGA is not correlated well with the landslide 

initiation in some earthquake events. Especially for the near-fault ground motions, 

simple peak values of ground motion records, i.e., PGA and PGV, is inappropriate 

to describe the damage potential of strong ground motions (Yang et al., 2009). 

Therefore, the method of earthquake-induced landslide based on those simple peak 

values of ground motion records is unreasonable in those cases with near-fault 

ground motions.  

In this study, energy large enough is believed as a necessary and sufficient 

condition for landslides to occur. The energy of ground motions is an important 

intensity parameter, which depends on both amplitudes and frequencies of ground 

motions. Even an acceleration wave has a large PGA, the velocity of the ground 

motion could not be large if it is of a high frequency. And then, kinetic energy could 

also not be large enough for landslide initiation. From the view of energy, we focus 

our study on the PLGM (Baker, 2007; Zhai et al., 2013; Shahi and Baker, 2014; 

Chang et al., 2016). PLGM contains large energy even PGA is small in the seismic 
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wave. Also, not like PGA, PLGM is of directivity, which could be related to the 

aspect of collapsed slope. Recently, PLGM is of special concern in engineering and 

has been studied extensively in the architecture field (Malhotra, 1999; Tothong and 

Cornell, 2008; Jampole et al., 2018; Lu et al., 2018). It has been reported that the 

large PLGM wave is strongly related to structural damage because the energy in 

PLGM wave is much larger than Non-PLGM. In recent, some researches for 

assessing the sliding displacements of the slope have also taken account of the 

particular characteristics of near-fault pulse-like ground motions and their effects 

on slope-displacements (Gazetas et al., 2009; Garini et al., 2011, 2013; Davoodi et 

al., 2013; Song et al., 2015, 2016; Rodriguez and Song, 2016). Displacement-based 

probabilistic seismic demand analyses considering the PLGM has been proposed 

and greatly improved. Their researches showed that it is important to consider the 

long-period and high-amplitude velocity pulse of ground motions in the near-fault 

region. For PLGMs, the PGV has been proved to be correlated to the seismic slope 

displacements. The effect of the velocity pulse of PLGM should be considered in 

co-seismic slope stability analysis.  

To study the mechanism of earthquake-induced landslides and explain the two 

phenomena in near-fault earthquake-induced landslides, the DDA method is 

applied to landslide simulation focusing on PLGM. At first, the methods for 

identifying PLGM are reviewed and an effective method is selected for this study. 

And then, the confusing phenomenon (1) appeared in the 2016 Kumamoto 

earthquake is studied. The Aso Bridge landslide is analyzed by using the proposed 

method. Finally, the confusing phenomenon (2) is investigated based on a 

symmetrical DDA model of two back-to-back slopes. A new possible mechanism 

of earthquake-induced landslides based on PLGM is proposed to explain those 

mentioned above two confusing phenomena of earthquake-induced landslides. 

5.2. PULSE-LIKE GROUND MOTION (PLGM) 

PLGM is defined as the seismic velocity waveform with large amplitude and 

long duration. Some seismic waves contain PLGM, which is called PLGM seismic 

waves, while some do not contain PLGM, which is called Non-PLGM seismic 
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The Aso-Bridge landslide is one of the largest landslides in the 2016 

Kumamoto earthquake, which is located on the National Road 57 and destroyed the 

Aso bridge. It is a large-scale landslide with rock mass that traveled a distance of 

about 800 m, deposited much debris into the Kurokawa River, as shown in Figure 

5.7 (Dang et al., 2016). However, the Aso-Bridge landslide is proved to be triggered 

by a weak earthquake near station KMM004 where the PGA of recorded ground 

motion is only 0.35g because it is far from the epicenter. To analyze the landslide 

initiation and clarify the confusing landslide phenomenon in the 2016 Kumamoto 

earthquake, the slope model applied in this study is built based on the cross-section 

of the Aso-Bridge landslide.  

 

Figure 5.7 Plan (a) and section (b) of the Aso-Bridge landslide (Edited from Dang 

et al., 2016) 
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(a) KMM004 (t = 80 s) 
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landslides occurred in the area where PGAs are small while no landslide occurs in 

nearby mountain area where PGAs are large can be well explained. PLGM is one 

of key factors triggering landslides in slope failure analysis due to its substantially 

large energy. The energy of earquake seismic waves should be considered in slope 

stability analysis. Expecially in the forward directivity effect area near seismic fault, 

PLGM are frequently observed even though it is far from epicenter. It always has a 

small PGA but a large energy, which is a big threat to slope stability and can cause 

catastrophic damage. Slope stability analysis focusing on PLGM which contains 

large seismic energy should be paid more attention in disaster prevention and 

mitigation project. 

However, the static shear and tensile strength are mostly used in the numerical 

method for slope stability analysis under earthquake. For example, the static tensile 

and shear strength are used in original DDA method. Once the shear and tensile 

stresses are larger than the corresponding resistance in tangential or normal 

direction, the failure occurs. The slope failure in original DDA is PGA dependent. 

How to analyze slope stability under earthquake by considering seismic energy is a 

big challenge. Therefore, the proposed method fulfill this scope using discrete 

element method for slope stability analysis with seismic energy considered. To 

analyze the slope failure induced by earthquake which has large energy, especially 

for those PLGM with a small PGA, the proposed method is recommended. The 

analysis result in this study has proved that it is effective for slope stability analysis 

by considering seismic energy.    

5.4.2. DIRECTIONAL CHARACTERISTIC ANALYSIS OF COLLAPSED SLOPE  

The second confusing phenomenon that the only one side slope failure 

phenomenon has been frequently observed in the 2018 Hokkaido earthquake. It is 

found that most collapsed slopes are west-faced while east-faced slopes back to 

back remain stable. To investigate the relationship between slope failure direction 

and velocity pulse, PLGM in the 2018 Hokkaido earthquake are extracted and 

applied respectively on slope model for directional characteristic analysis.  
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5.4.2.1. ASPECT OF THE COLLAPSED SLOPE IS CONSISTENT WITH THE 

DIRECTION OF VELOCITY PULSE 

Figure 5.14 shows the identified PLGM that initiates the landslides in the 

Hokkaido earthquake, and the strong westward velocity pulses with PGV over 100 

cm/s are observed in those seismic waves HKD128 and HKD126. The two seismic 

waves will be applied to analyze the relationship between the direction of the 

collapsed slope and the velocity pulse of PLGM. The model subjected to HKD128 

and HKD126 has its parameters as shown in Table 5.3 and Table 5.4, respectively. 
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As shown in Figure 5.15, it can be seen that the slopes always collapse at the 

direction of the pulse (DOP) under both ground motions from HKD128 and 

HKD126. The original ground motion triggers the west side to collapse while the 

east side of the slope remains stable, which is consistent with the mostly west side 

slope failure phenomenon in the Hokkaido earthquake. The values of PLGM are 

reversed to verify the impact of the DOP on the directional feature of the slope. The 

results show that the collapsed side of the slopes is reversed along with the reversed 

PLGM. For example, with HKD128 PLGM, the original ground motion triggers the 

west side to collapse while the reversed PLGM induces the east side of the slope to 

slide down. Similarly, the same result under PLGM HKD126 has shown that the 

direction of PLGM affects the directional feature of slope failure. 

To identify the directional characteristic of the collapsed slope with the PLGM, 

the largest pulse is extracted from the velocity time history and computed on the 

symmetrical slope model using DDA. The reversed wave of extracted PLGM is 

also obtained for directional characteristic analysis. Figure 5.16 shows the 

simulated result of the symmetrical slope under the extracted velocity pulse from 

station HKD128 and the same result with the symmetrical slope subjected to the 

original PLGM. The west side of the slope collapses under the extracted original 

velocity pulse while the east side of the slope slides down under the reserved 

velocity pulse. The collapsed slope is consistent with the direction of the pulse 

(DOP). 
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used. For example, the static tensile and shear strength are used in the original DDA 

method. Once the shear and tensile stresses are larger than the corresponding 

resistance in the tangential or normal direction, the failure occurs. The effect of 

seismic energy of PLGM is also neglected. The slope failure in the original DDA 

is PGA-dependent. How to analyze slope stability under earthquakes by considering 

seismic energy is a big challenge. Therefore, the proposed method fulfills this scope 

using the discrete element method for slope stability analysis by considering 

seismic energy. To effectively analyze the slope failure induced by the earthquake, 

especially for those PLGM with a small PGA but large energy, the proposed method 

is recommended. The analysis result in this study has proved that it is effective for 

slope stability analysis by considering seismic energy. The slope got failured under 

seismic waves with large energy even though the PGA is small. While the slope 

remained stable under the seismic waves with small energy even though the PGA 

is large. The analysis results are in well agreement with the phenomena in those 

earthquakes with PLGM observed. The analyses in this study provide a means to 

slope stability analyses by considering seismic energy and PLGM in the forward 

directivity effect area for future hazard analysis assessment. 

5.6. CONCLUSIONS 

In this section, a possible mechanism of earthquake-induced landslide based 

on PLGM has been proposed and discussed. The energy and direction of pulse 

wavelet in PLGM can be well used to explain the two miserable phenomena (1) 

why large-scale landslides occurred in the area with small PGA values and (2) 

failure occurred on the slopes with a specific aspect. An amount of DDA landslide 

simulations have been carried out and the following results have been obtained: 

(1) A PLGM wave can initiate a landslide because it is of large energy. The 

wave with a large PGA does not always induce a landslide if there is no PLGM 

contained, which is shown by an example in which the residual wave by removing 

PLGM from the original wave has a large PGA but cannot initiate landslide. The 

large-scale landslides induced by the Kumamoto earthquake can be explained very 

well based on the mechanism. Since the Aso area is in the forward directivity of the 
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seismic fault, PLGM has been detected in the seismic waves recorded at KMM004, 

KMM005 and KMM007 around the Aso area. The large energy of PLGMs can 

destruct slopes although the corresponding PGA is small. On the other hand, no 

large-scale landslide occurred in other areas with large PGA without PLGM. 

(2) For two symmetrical slopes back to back with the same physical and 

mechanic parameters, one side slope collapses while the other side remains stable. 

The analysis results show that which side collapses is related to both the direction 

of the pulse (DOP) and strength parameters of the slope. It can be concluded as two 

main kinds of slope failures base on both the tensile strength and shear strength: the 

shear-controlled and the energy-controlled. If both tensile and shearing failure 

occurred simultaneously, the failure of the slope is regarded as energy-controlled 

and the aspect of the collapsed slope is consistent with the direction of pulse. If the 

tensile strength is strong enough and only shearing failure is possible, the failure of 

slope changes to shearing failure dominated and can be regarded as the shear-

controlled, the aspect of collapsed slope could be opposite to the direction of pulse. 

The phenomenon that many west-faced slopes collapsed while their opposite slopes 

back to back remain stable during the Ibri earthquake can be explained by the 

energy-controlled slope failure under PLGM. The volcanic ash with low tensile 

strength and westward velocity pulse of PLGM are the main reasons for this slope 

failure phenomenon. 

By using the improved DDA method, the slope subjected to PLGM can be 

well calculated and simulated. DDA has an advantage in simulating the co-seismic 

landslide initiation because it considers both the shearing failure and tensile failure. 

The DDA model system is also greatly sensitive to energy analysis which makes it 

more suitable for co-seismic landslide analysis focusing on PLGM as energy is one 

of the key parameters to characterize the features of PLGM. The proposed 

mechanism can be expected in further study to be applied to potential landslide 

prediction. The quantitative analysis of the relationship between landslide initiation 

and PLGM will be studied in our future work. Slope stability analysis focusing on 

PLGM which contains large seismic energy should be paid more attention in 

disaster prevention and mitigation project. This study provides a method for slope 
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stability analyses by considering seismic energy. Therefore, it is recommended for 

slope stability analysis under PLGM in the forward directivity effect area for future 

hazard analysis assessment. 
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frequently used as an intensity parameter representing the earthquake force in the 

methods for seismic slope stability analysis, such as pseudo-static methods. 

However, in recent near-fault earthquake-induced landslides, there are two 

confusing landslide phenomena that cannot be well explained by using PGA: (1) 

large-scale landslides occurred in the area with small PGA but no landslide in the 

area with large PGA; (2) one side slopes collapsed while the opposite side slopes 

back to back remain stable even though there is no big difference on PGA at two 

sides. To completely analyze the mechanism of earthquake-induced landslides, 

studies on landslide initiation focusing on PLGM are conducted by using the DDA 

method. DDA is a powerful numerical method for landslide simulation and has 

great advantages in simulating the dynamic behaviors of a rock mass system 

involving discontinuities. At first, to achieve the analysis on earthquake-induced 

landslides using DDA in this study, some necessary improvements and extensions 

are also conducted. Then, studies on the mechanism of earthquake-induced 

landslides focusing on pulse-like ground motions have been performed by using the 

improved DDA. 

Firstly, the vertex-to-vertex contact processing in 2D DDA has been improved 

by a new concept of the vertex-to-vertex contact detection algorithm. In the original 

DDA, a case of vertex-to-vertex contact state was not considered, which will lead 

to indeterminacy in seismic response analysis. To overcome this defect, a new 

improved concept based on the contact vector method that is inside or outside the 

reference line has been proposed and implemented in the 2D-DDA program. The 

accuracy and effectiveness of the new vertex-to-vertex contact detection algorithm 

have also been verified by several contact simulation examples, including the lost 

case contact, sliding block contact, blocks contact with convex, and blocks contact 

with concave. The simulated results have proved that the lost case of contact 

detection in O-DDA has been well solved. The I-DDA also has better performance 

and accuracy in solving block contact problems in various cases. Therefore, the I-

DDA with a new vertex-to-vertex contact detection algorithm can be better applied 

to block systems with arbitrary vertex-to-vertex contact states. 
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Then, the tensile failure model in 2D DDA has been extended for simulating 

the rock fracture by incorporating a unified tensile fracture criterion. The new 

tensile fracture criterion unifies four classical failure modes, including the 

maximum normal stress criterion, Tresca criterion, Mohr-Coulomb criterion, and 

von Mises criterion, which can be well applied to analyze rock fracture problem of 

various materials. The accuracy and effectiveness of the I-DDA method have been 

validated by numerically simulating crack initiation and propagation in several 

Brazil disc split tests. The simulated results agree well with those from experiment 

tests. Meanwhile, an earthquake-induced landslide event has been analyzed using 

the I-DDA method with both the tensile and shear strengths considered. The 

simulation results show the I-DDA with a unified tensile fracture model can also be 

effectively applied to landslide simulation. Different failure behavior considering 

both tensile and shear strengths have been concluded by using the I-DDA method. 

Thirdly, a dynamic failure method considering the energy of seismic waves 

has been proposed for evaluating slope failure under earthquakes in DDA. This 

method can be applied to effectively evaluate the dynamic strength of joint contacts 

in the DDA method by considering the effect of fatigue and accumulated damage 

under seismic dynamic loading. The Single-Degree-Of-Freedom (SDOF) systems 

under cyclic loading, PLGM, and Non-PLGM has been simulated by using the 

proposed DDA method and original DDA to validate the accuracy of the proposed 

model in describing the dynamic failure of contact joints. Then, a practical landslide 

model has been simulated under two cases of seismic waves: case (A) PLGM with 

large energy but a small PGA; and case (B) Non-PLGM with a large PGA but small 

energy, using both the proposed DDA method and O-DDA. The results showed that 

the slope gets failure by using the proposed method while keeps stable by using the 

original DDA for Case A. For Case B, the reversed results have been obtained.  

The accuracy and effectiveness of the proposed method are validated and the energy 

of seismic waves is a key triggering factor in slope stability analysis under 

earthquakes. Compared with O-DDA, the proposed DDA method is effective for 

simulating the earthquake-induced landslides considering the seismic energy, 

which is more accurate for earthquake-induced landslides triggered by PLGM.  








